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a b s t r a c t
We present detailed simulation results of localised hemodynamics for a cluster of rolling
leukocytes under shear-thinning blood flow using a lattice Boltzmann model. Leukocytes
were modelled as hard spheres moving through a venule of rigid walls. The used
hemorheological parameters were obtained from in vivo measurements in blood samples
ofWistar rats. Velocities, shear stresses and torqueswere computed and visualised for each
individual cell, for the cluster and for the fluid. We have found that the flow is mainly
three-dimensional due to the swirling and the asymmetry of the formed vortices during
the recruitment process. The shear stress is maximum on a cap covering the cell and a cone
with its base on the endothelial wall at the contact region. The leukocyte is recruited to
the wall with the aid of trapping vortices and four stagnant regions surrounding the cell in
addition to lateral motion towards the wall. We suggest that these phenomena are highly
dependent on the angular velocity of the leukocyte and on the attractive force between the
leukocyte and the endothelial wall. For a moving cluster of recruited leukocytes, velocities
and shear stresses as well as torques are computed. It was found that the shear stress
at the endothelium gets higher as the cluster moves in the main stream enabling early
initialisation of the rolling process.
© 2009 Elsevier Ltd. All rights reserved.
1. Introduction
Leukocyte arrest, recruitment and subsequent rolling, activation, adhesion and transmigration are essential stages in
the immune response system to inflammation. Understanding this mechanism is of crucial importance in immunology and
development of anti-inflammatory drugs such as modulators and blockers. The recruitment process is usually observed in
post venules in the microcirculation. It is well accepted that the rolling process and the later adhesion cascade are mediated
by a number of chemoattractants on the endothelial cell surface, selectins, integrins and other mediators on the surface
of the leukocytes, and in the tissue. The whole process is triggered by margination of free flowing leukocytes toward the
endothelial wall. This process is believed to result from the interaction of leukocytes with surrounding erythrocytes which
deform and support pushing the leukocytes to the wall [1–4].
The captured leukocyte starts to roll under the assistance of a number of selectin mediators (P-selectin, L-selectin and
E-Selectin) or their ligands through a complex process of overlapping domination by these mediators. Most leukocytes
adhere to the endothelium after their rolling speed is decelerated by the CD18 integrins. The adherence process is mediated
by the E-selectins. Under the existence of exogenous chemoattractants the leukocyte changes shape and transmigrates
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through the endothelium. The main function of the process is to isolate or eradicate the irritants and repair the inflamed
tissue. At the end of the process the leukocyte is extravated (e.g. [5]).
Despite the fact that numerous attempts of in vivo and in vitro experiments, as well as numerical simulations of
leukocytes recruitment and adhesion have been reported, the phenomena is not yet well understood and is under intensive
investigation due to the key role that the mechanism plays in different pathogenic and immunological activities such as
cancer, kidney failure (e.g. [6]), drug delivery and allergies [7,8]. The mechanism of margination of leukocytes from the
blood main stream is not well understood and deserves more focus on the causes and the forces that initiate margination.
The main objective of this study is to probe the role of hemorheology in the margination process. Current experiments
have focused on adhesion (e.g. [3,9,10]) from which the strength of signalling molecules, the rolling speeds and the
transmigration scenario are well described. Theoretical studies are rare [11,12] and mainly couple the equations of motion
and solve them numerically. Due to the multi-timescale nature of this cascade, it is necessary to combine a number of
experimental techniques (see e.g. [13] for a review) or combined experiments and numerical simulations [9,14]when details
of force interactions are acquired. It is to be noted that most of these studies, in vivo, in vitro or via numerical simulations
are two dimensional and assume blood as a Newtonian fluid with constant viscosity. Commonly observed phenomena of
spheres sedimenting near a wall, such as anomalous rotation, tendency towards the wall and vortex formation are different
in Newtonian and non-Newtonian fluids. For example, for shear-thinning flows, a sphere in the flow tends to move towards
the wall and rotates more slowly than the Newtonian flow, causing anomalous rotation [15–17]. Formation of negative
wakes have also been observed in shear-thinning fluids [18].
In this study, we made use of tracking of leukocytes via intravital microscopy [19] from an in vivo experiment in Wistar
rats to track the leukocytes trajectories and measure their velocities and forces exerted on them. These results were then
used to initialise a lattice Boltzmann shear-thinning solver. We have also studied viscosity dependence on the shear rate
from obtained blood samples of the rats which was found to follow a shear-thinning behaviour. The results were then used
in simulating three dimensional leukocyte dynamics in a model of the venule from which the observations were taken.
As the results obtained from experiments are usually two-dimensional, three-dimensional simulations will provide extra
information on the localised hemodynamics such as the on-surface shear stress and the regions of stagnant flow. As the
formation of vortices, their sizes and directions of rotation are largely affected by the relative cell positions, we also have
studied the dynamics and highlighted the influence of clustering leukocytes on the endothelial wall shear stress which is
the main activator for most endothelium activities.
2. Governing equations
We consider an incompressible shear-thinning blood flowmodel in a straight venuleΩ with boundary ∂Ω and diameter
d = 17.5 µm. A group of leukocytes, represented as spheresΣ(t)with boundary ∂Σ(t) and similar diameters D of 9.5 µm
are moving through the venule in the main stream where they are subjected to an attractive force towards the endothelial
wall.
In rheology, the Deborah number is a dimensionless quantity relating the fluid relaxation and deformation time scales.
Materials with a small Deborah number show onlyminor qualitative differences from aNewtonian fluid. More precisely, the
Deborah number is defined as De = Uλ/D, where λ is the characteristic relaxation time of blood (time taken by deformed
erythrocytes to return to their original non-deformed shape) and U is the magnitude of the downstream leukocyte velocity.
Moreover we also consider the dimensionless Reynolds number Re = ρUD/η and define the dimensionless distance from
the wall as h = H/D where H is the distance of the leukocytes from the endothelial wall and η is the zero shear rate
viscosity. We assume similar densities for both leukocytes and the surrounding fluid. Typical simulation values are 0.01 for
the Reynolds number and 0.03 for the Deborah number. The blockage ratio is D/d = 0.54, approximately.
The governing equations for the fluid-leukocyte system are the following: the momentum equation
ρ
(
∂u
∂t
+ u ·∇u
)
= Fs −∇p+∇ · T inΩ \ D (1)
the continuity equation
∇ · u = 0 inΩ \ D (2)
and
u = U+ ω × r on ∂Σ(t) (3)
for the motion of the leukocyte. In theses equations u is the instantaneous velocity, ω is the angular velocity appearing
from the torque, r is the position vector from the centre of the cell and U is the downstream leukocyte velocity (averaged
from experiments), as mentioned above. In addition, the leukocyte is subjected to an attraction force Fs towards the wall,
computed from the experimental trajectories. The stress tensor is given by
σ = −pI+ η(γ˙ )(∇u+ (∇u)T) (4)
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where p is the pressure, I is the unit tensor and γ˙ is the shear rate. The total viscosity η satisfies the Carreau–Yasuda model
η = η∞ + (η0 − η∞)(1+ (λγ˙ )a)b (5)
in which η0 and η∞ are the asymptotic low and high shear-rate viscosity values, respectively. Here λ is the characteristic
time of the fluid which depends on the instantaneous state of the material, γ˙ is the shear rate and the parameters a and b
are determined from experimental data, with b < 0 for shear-thinning fluids. If a or b vanish, the fluid model behaves as
Newtonian. The force on the leukocyte is given by
F =
∫
Σ
σ · nds (6)
and the torque T at a distance r from the centre of leukocyte is
T =
∫
Σ
r σ · nds (7)
where n denotes the exterior unit normal vector to the leukocyte surface. The leukocyte velocity U and its angular velocity
ω are expressed in the cell equations of motion
U¨ = ∆p+ F, (8)
and
Iω¨ = σ (9)
with I being the moment of inertia. The particle position is given by solving these equations.
3. Numerical method
The lattice Boltzmann method [20–22] is a special finite difference discretisation of the simplified Boltzmann equation
which describes transport phenomena at the mesoscale level. The dynamics of the fluid is modelled by the transport of
simple virtual particles on the nodes of a Cartesian grid. Simulations with this method involve two simple steps; streaming
to the neighbouring nodes and colliding with local node populations represented by the probability fi of a particle moving
with a velocity ei per unit time step δt . Populations are relaxed towards their equilibrium states during a collision process.
The equilibrium distribution function
f (eq)i = wiρ
(
1+ 3
v2
ei · u+ 92v4 (ei · u)
2 − 3
2v2
u · u
)
(10)
is a lowMach number approximation to the Maxwellian distribution. Here,wi is a weighting factor, v = δx/δt is the lattice
speed, and δx is the lattice spacing.
Studies on leukocytes and erythrocytes dynamics using lattice Boltzmann techniques have been reported (e.g. [23–25]
in which blood was modelled as a Newtonian flow in 2D geometry. For non-Newtonian flow modelling, a number of lattice
Boltzmann schemes were proposed for power law (e.g. [26,27], Bingham [28], shear-thinning Carreau–Yasuda [29] and
viscoelastic (e.g. [30–32] fluids. It is to be noted thatmost of the available viscositymodels are empirical. Moreover, they rely
onmacroscopic observations. Kinetic theory based viscositymodels for blood are still lacking in the literature. Following the
trend of our experimental data obtained from Wistar rats, we have found that the Carreau–Yasuda shear-thinning model
best fits these results within the range of 4.50 to 450.00 s−1 of shear rates [19]. Therefore, we have adopted the model
proposed by Artoli and Sequeira [29] for the shear-thinning flow which will be explained subsequently.
3.1. A lattice Boltzmann model for shear-thinning fluids
The non-Newtonian behaviour of many fluids, including blood, may be studied using the shear-thinning Carreau–Yasuda
viscosity model, given above in Eq. (5). In what follows we show that a shear-thinning fluid can be modelled by a simplified
lattice Boltzmann scheme.
We start from the usually known lattice Boltzmann equation
fi(x+ eiδt, ei, t + δt)− fi(x, ei, t) = −1
τ
[fi(x, ei, t)− f (eq)i (x, ei, t)] (11)
which can be obtained by discretising the evolution equation of the distribution functions in the velocity space using a
finite set of velocities ei. In this equation, τ is the dimensionless relaxation time which may be a constant, a discrete or a
continuous variable. By Taylor expansion of the lattice Boltzmann equation up to O(δt2) and application of the multiscale
Chapman–Enskog technique, theNavier–Stokes equations and themomentum flux tensor up to second order in the Knudsen
number are obtained. The hydrodynamic density, ρ, and themacroscopic velocity, u, are determined in terms of the particle
distribution functions from the laws of conservation of mass
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ρ =
∑
i
fi =
∑
i
f (eq)i (12)
and momentum
ρu =
∑
i
eifi =
∑
i
eif
(eq)
i . (13)
The pressure is given from the equation of state p = ρc2s and the kinematic viscosity is defined by ν = c2s δt(τ − 12 ), where cs
is the lattice speed of sound. A number of lattice Boltzmannmodels have been introduced, being characterised by the choice
distribution functions, the number of moving particles, the lattice speed of sound and the nature of the relaxation time.
Expanding fi about its equilibrium distribution f
eq
i
fi = f eqi + f (1)i + 2f (2)i + · · · (14)
where  is of the order of the Knudsen number and in the limit of small , the momentum flux tensor is obtained from [33]
Π
(1)
αβ =
∑
i
f (1)i eiαeiβ = −2ρδtτC(Sαβ). (15)
In this equation C is a lattice-dependent constant (for the three-dimensional model with 19 particles (D3Q19), C = 1/3).
The momentum flux is therefore directly computed from the non-equilibrium part of the distribution functions. Hence, the
strain rate tensor is
Sαβ = − 12Cδtτcρ
∑
i
f (1)i eiαeiβ (16)
and the stress tensor is [34]
σαβ = −ρc2s δαβ −
(
1− 1
2τc
)∑
i=0
f (1)i eiαeiβ . (17)
In constitutive equations of shear-thinning generalised Newtonian fluids, the viscosity depends on the magnitude of the
second invariant of the strain rate tensor
|S| ≡ γ˙ = √2Sαβ : Sαβ . (18)
In detail, for the D3Q19 model, after making use of the symmetry of the strain rate tensor, we have
γ˙ = γ˙c
√
0.5(S2xx + S2yy + S2zz)+ (S2xy + S2xz + S2yz) (19)
where γ˙c = 32ρτc could be used as a characteristic shear rate. In this study we optionally set τc = 1 to benefit from the
simplicity and the stability of the scheme at τ = 1.
Now, since η = ρν = ρ(2τ − 1)/6, the Carreau–Yasuda model in its dimensionless form is [29]
τ = τ∞ + (τ0 − τ∞)(1+ (λγ˙ )a)b (20)
where τ0 and τ∞ correspond to η0 and η∞, respectively. The stability of themethod is controlled by the difference (τ0−τ∞)
which is normally large for shear-thinning fluids. However, τ∞ shall be in the working stability region if τ0 is small. Another
way to avoid instability is to tune thematerial relaxation time (in lattice units) by grid-refinement (or coarsening) in time.We
note that the relaxation time here is a continuous function of six parameters, four of them are freely controllable during the
simulations. Fig. 1 shows a possible range of LBMshear-thinning relaxation timeprofileswhich could be obtained at different
material characteristic times, and therefore, differentmaterialsmay be simulatedwithin the stable regime. Validation of this
model against the finite elements was reported by Artoli et al. [35].
4. Results
4.1. Blood model
The viscosity of collected blood samples from theWistar rats was found to fit the Carreau–Yasuda shear-thinningmodel,
Eq. (5) with η0 = 42.77 cP, η∞ = 4.56 cP, λ = 0.16 s, a = 1.52 and b = −0.83 with a maximum standard error of 6.0% and
reduced χ2 of 1.05 at 45% hematocrit and a temperature of 37◦C. From these parameters we have build a lattice Boltzmann
shear-thinning model using Eq. (20). The behaviour of the model in response to the simulated shear rate is shown in Fig. 1
for different values of the dimensionless material relaxation time (i.e. at different LBM material time scales).
The geometry was discretised as shown in Fig. 2 for an individual leukocyte (represented as a sphere of diameter equal
to 9.5 µm) moving in a straight rigid venule of diameter 17.5 µm. The spatial resolution is 0.5 µm. Two time scales are
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Fig. 1. Discretisation of the model geometry for a single leukocyte in a straight venule.
Fig. 2. Discretisation of the model geometry for a single leukocyte in a straight venule.
represented by the choice of the material characteristic time λ and the regular updating time step. Fig. 3 shows velocity
vectors on a 2D projection of the leukocyte surface. We have used the Bouzidi et al. [36] boundary conditions for the
moving boundaries and the wall. The inlet and the outlet conditions were implemented using an adaptation of the Zou and
He [37] boundary conditions, with the pressure values obtained from the experiments [19]. The spherical leukocyte initially
translates and rotates following the measured values obtained from the experiments. From these velocities, the pressure
was computed and equilibrium distributions were computed and assigned to the relevant directions. The leukocyte moves
downstream with a velocity 100 times less than the mainstream which flows at a Reynolds number of 0.017, based on the
maximum axial velocity far from the leukocyte and on the centreline viscosity.
In addition, the drags and the lifts were computed from the momentum exchange between the fluid and the
leukocyte [38]. The leukocyte rotates in response to the computed torque and is also subjected to a net attractive
selectin force Fs towards the wall proportional to the square of the distance between its surface and the sedimenting
endothelium [12], estimated from the trajectory of the leukocytes. The cell position is updated using the relation ∆r =
1
2Fs(δt)
2. It is to be noted that the repulsive force was neglected due to its nanoscale nature. We highlight here the fact
that the lattice Boltzmann method was found to be highly flexible when applied to the problem under investigation with
a number of key features: (i) the mesoscopic multiscale nature of the lattice Boltzmann equation, (ii) the computation of
local stresses from the non-equilibrium parts of the distribution functions and (iii) the straightforward implementation of
fluid-structure interaction through momentum exchange.
4.2. Single leukocyte recruitment
We present here simulation results of flow around a spherical leukocyte sedimenting toward the endothelial wall of a
straight cylindrical venule. Fig. 4 shows magnitudes and vectors for the velocity of the flow and the on-surface velocity of a
rotating leukocyte. A trap of four stagnation regions, with two ahead and two behind the leukocyte close to the endothelial
wall are formed, acting in support and possibly initiating the margination process. These stagnation regions have also been
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Fig. 3. Boundary conditions on surface of a 2D projection of the leukocyte.
Fig. 4. Velocity vector magnitudes around a recruited leukocyte. The arrow indicates the flow direction.
Fig. 5. Fully developed velocity profile flow around a recruited leukocyte.
reported in previous experimentalworks [16,17]. Upstream, the flow tends to go above the sedimenting cell and the situation
is reversed downstream, creating a torque. This may be a reason for the anomalous rotation of the sphere sedimenting on a
wall under shear-thinning flow. Fig. 5 represents a snapshot of the velocity contours for a fully developed flow around the
recruited leukocyte under shear-thinning viscosity. The influence of the cell is clearly observed at large distances.
The shear stress in the sedimentation region gradually increases till it reaches a maximum value when the leukocyte is
about half a micrometer from the endothelial wall (see Fig. 6). Increasing both the endothelium and the fluid shear stress
near the contact region may result in releasing many chemoattractants known to be triggered by critical values for the
shear stress (see e.g. [39]). In addition, we have found that the shear stress is maximum on a cap covering the leukocyte and
a cone with base lying on the endothelium at the contact region (see Fig. 7) having maximum values on the endothelium
wall downstream, directly ahead of the rolling leukocyte.We suggest that this shear stress valuemotivates the binding force
that enables leukocytes to role on the endotheliumwall downstream. Behind the rolling leukocyte the shear stress is smaller
on the endothelium wall downstream and therefore, more bonds dissociate upstream while more appear downstream.
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Fig. 6. Changes in the shear stress as the cell approaches the endothelium.
Fig. 7. Regions of maximum shear stress as the leukocyte starts to roll.
4.3. Clustering leukocytes
We have also simulated the dynamics of a cluster of leukocytes moving from an initial random position through the
microvessel. Fig. 8 shows velocity magnitudes on the surface of each cell from which we observe that the velocity of each
leukocyte depends not only on its position in the mainstream but also on its relative positions to the other neighbouring
leukocytes. The vortices and stagnation points observed in the case of a single leukocyte also appear here, but in a more
complex pattern. The traps and the vortices form a helical stream which also supports leukocytes margination toward and
their rolling on the endothelial wall (see Figs. 10 and 11).
The cluster ofmoving leukocytes largely disturbs the flow field on the endothelial wall, mainly increasing its shear stress,
as shown in Fig. 11. However, a number of buffer zones of lower shear stress exist. From the intravital experiment we have
observed that the rolling cells move in a series of non-smooth clusters and have attributed that to these buffer zones in
the endothelial wall shear stress which results in non-synchronised bond creation and dissociation events. However, most
rolling leukocytes tend to move with similar rolling speed (see Fig. 9).
1042 A. Sequeira et al. / Computers and Mathematics with Applications 58 (2009) 1035–1044
Fig. 8. Velocity magnitudes for a cluster of moving leukocytes at different recruitment stages.
Fig. 9. Velocity magnitudes and isosurfaces for a cluster of rolling leukocytes.
Fig. 10. Vortex formation during recruitment of leukocytes. The vortices act in support of the recruitment and rolling stages.
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Fig. 11. Effects of rolling leukocytes on the endothelial wall shear stress.
5. Conclusions
Our approach in this studywas to use the parametersmeasured from intravitalmicroscopy and rheometry to build a non-
Newtonian shear-thinningmodel for blood and set the initial and boundary conditions for themesoscopic lattice Boltzmann
solver to probe the leukocyte recruitment to the endothelial wall in a straight venule of a Wistar rat.
We have intensively investigated the recruitment of leukocytes to the endothelial wall under shear-thinning blood flow
based on intravital microscopy and rheometry from blood samples of Wistar rats. A lattice Boltzmann model for shear-
thinning flow was used in three-dimensional computer simulations for individual and clustering leukocytes. Localised
velocity field and shear stress on the surface of leukocytes under flow conditions similar to the experiments were presented
and discussed. We were able to locate four stagnation regions close to the endothelial wall and have attributed the
margination process mainly to their existence. However, it is not clear yet whether these stagnation points do always form,
regardless of the fluid nature and the leukocytes rotational velocity. This issue deserves more investigation by conducting
a number of experiments at different flow conditions. We also noticed two lateral wakes; one upstream directing the flow
far from the sedimenting wall and another downstream directing the flow towards the wall, causing a torque on the sphere
which acts in support of the rolling process.
From the computed shear stress near the point of contact we have noticed that the shear stress becomes high both on
the leukocytes surface and around the point of contact. However, the maximum shear stress forms a conic cap with its
base on the endothelium and most of it downstream. This indicates that the shear stress upstream of a rolling leukocyte is
less than that downstream. The higher shear stress downstream ensures binding force formation while the relatively lower
shear stress upstream suppresses the bonds behind the leukocytes and ease the bond dissociation. The cluster dynamics
holds all the features observed in the single leukocytes, with the interfering caps of maximum shear stress and swirls of
vortices and stagnation pointswhich on average act in support of the rolling process. Ongoing research in our group involves
firm adhesion and transmigration of the rolling leukocytes and also the influence of certain drug releases on the localised
hemorheology.
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